In this study we analyzed the numbers and types of cultivable tylosin-resistant bacteria from six agricultural soils that differed with respect to their association with subtherapeutic antibiotic use. The proportion of tylosin-resistant bacteria to the total number of bacteria cultivated was significantly higher (7.2^16.5%) at three sites affected by subtherapeutic antibiotic use compared to three sites unaffected by subtherapeutic antibiotic use (0.7^2.5%). We also detected differences in the types of cultivable tylosin-resistant bacteria. At a site affected by subtherapeutic antibiotic use, we detected tylosin-resistant bacteria from the K-and L-subdivisions of Proteobacteria. In contrast, at a site unaffected by subtherapeutic use, we detected only Streptomyces-like (high-G+C Gram-positive) tylosin-resistant bacteria. Our results suggest a link between subtherapeutic use of antibiotics and the numbers and types of antibiotic-resistant bacteria in nearby soil. However, other factors, such as soil type and temporal variation, may have also contributed to the differences observed.
Introduction
The discovery and medical application of antibiotics is one of the greatest scienti¢c triumphs of the 20th century. However, numerous bacterial pathogens have become resistant to antibiotics, and there is now concern about the long-term e¡ectiveness of antibiotics in clinical practice. Improper and over-use of antibiotics have been cited as a signi¢cant factor in the proliferation of resistant bacteria. Subtherapeutic antibiotic use in agriculture has been particularly controversial [1^4] . Agricultural applications account for approximately half of the 23 million kilograms of antibiotics used in the USA each year [2] , with the primary use being prophylaxis and growth promotion rather than disease treatment. Because 25^75% of ingested drugs are released with urine and feces [5] , antibiotics and other pharmaceutical compounds have been detected at very low concentrations in surface waters near urban areas and livestock production facilities [6] .
Virtually all research to date on antibiotic-resistant bacteria in the environment has focused on bacteria of fecal origin (i.e., pathogenic or commensal). This type of research provides valuable information on the fate of speci¢c bacteria in the environment, and is often used as a technique to identify sources of fecal contamination [7] . In contrast, we are interested in the ecological signi¢cance of antibiotics released into the environment with urine and feces. Our premise is that low concentrations of antibiotics in the environment may select for resistance among indigenous bacteria. Increased antibiotic resistance among environmental bacteria may have far-reaching implications as proposed by a recent study [8] that suggested resistance determinants from environmental bacteria have become associated with both human and animal pathogens through lateral gene transfer.
In this study we quanti¢ed the abundance of tylosinresistant bacteria among cultivable soil bacteria at three agricultural sites where subtherapeutic antibiotic use occurred and at three agricultural sites where antibiotic use was only for speci¢c therapeutic purposes. Tylosin is commonly used as a growth-promoting additive in animal feed and is from the macrolide class of antibiotics that target the 50S ribosomal subunit, inhibiting transcription and eventually leading to cell death [9] . Macrolide-resistant bacteria contain either an e¥ux pump to transport antibiotic out of the cell or a 23S rRNA dimethyltransferase that prevents macrolide binding by methylating a speci¢c adenine residue in the ribosomal RNA [9] . The goal of the research presented herein was to provide preliminary support for our theory that antibiotics used subtherapeutically in agriculture can lead to increased levels of antibiotic resistance among nearby indigenous soil bacteria.
Materials and methods

Site descriptions
Soil samples were collected from three agricultural sites a¡ected by subtherapeutic antibiotic use (Sites A^C) and three sites una¡ected by subtherapeutic antibiotic use (Sites D^F). Site A was a small cattle feedlot ( 6 50 animals) where animals were supplied a feed containing 240 g ton 31 of tylosin. Site B was a larger swine farm ( s 1500 animals) where the animals were supplied di¡erent feed mixtures containing various antibiotics such that speci¢c subtherapeutic antibiotic use varied over time. The swine feed at the time of sample collection contained 400 g ton 31 of aureomycin 90. Site C consisted of two corn¢elds that had been historically fertilized with swine and chicken manure, each of which was fed antibiotics at subtherapeutic concentrations. Samples were also collected from three dairy farms (Sites D^F) that were restricted from using antibiotics due to regulations on milk production for human consumption. The size of the dairy farms ranged from 60 to 200 cows. At each of these sites (Sites A^F), antibiotics were also used to treat speci¢c infections as necessary. Typically only a small fraction ( 6 5%) of the animals were receiving therapeutic levels of antibiotics.
Sample collection and bacterial enumerations
Soil samples were collected between November 2001 and March 2002. Samples were stored at 4 ‡C and bacterial enumerations were performed within 48 h of collection. Soil samples were collected as approximately 50-g grab samples from the A horizon, just below the O horizon. Bacteria were cultivated from the soil samples using PYT80 solid medium by mixing 80 mg peptone, 80 mg tryptone, 80 mg yeast extract, and 15 g agar per liter of deionized water [10] . The mixture was sterilized by autoclaving (20 min; 121 ‡C ; 15 psig). Following sterilization, cycloheximide was aseptically added (5 mg l 31 ¢nal concentration) to inhibit the growth of eukaryotic microorganisms. Antibiotic resistance was detected on plates supplemented with tylosin (20 mg l 31 ¢nal concentration). Bacteria were dislodged from 0.5-g soil samples by vortexing in 10 mM sodium phosphate bu¡er (pH 7). Dislodged bacteria then underwent a 10-fold serial dilution and were applied to agar plates by standard spread-plating techniques.
Agar plates were incubated at 25 ‡C for 3^5 days and manually counted. Bacterial enumerations are presented as arithmetic means of triplicate assays. Coe⁄cients of variations for these enumerations were 6 15%. Bacteria were re-enumerated from soil after one week for approximately half of the soil samples; none of these replicate assays was signi¢cantly di¡erent from the initial values. The proportion of resistant bacteria was determined by dividing the number of bacteria enumerated on tylosin-supplemented plates by the number of bacteria enumerated on plates not supplemented with tylosin. Statistical comparison of the fraction of resistant bacteria in the soil samples was performed using single factor analysis of variance using Microsoft Excel 2000.
Bacterial identi¢cation
Bacteria were identi¢ed by determining the nucleotide sequence of 16S rRNA gene fragments from each organism. Previous researchers have stated that short rRNA gene sequences are generally su⁄cient for bacterial identi¢cation as long as there is a good sequence match [11] . For this study, we used polymerase chain reaction (PCR) to amplify the V3 region of the rRNA gene (Escherichia coli positions 338^534) that is highly variable and provides good resolution between bacteria of similar phylogeny. The details of the PCR protocols have been described previously [12] . PCR products were puri¢ed using a GeneClean II kit (Qbiogene, Vista, CA, USA). Nucleotide sequences were determined from PCR products by the Advanced Genetic Analysis Center, University of Minnesota. Each sequence was determined fully in both directions. Nucleotide sequences obtained in this study were deposited in the GenBank database [13] under accession numbers AF507921^AF507938. Phylogenetic trees were constructed by the neighbor-joining method using DNA-MAN ver. 4.1 software (Lynnon Biosoft, Vaudreuil-Dorion, QC, Canada). Reference nucleotide sequences were obtained from the GenBank database.
Results and discussion
Soil samples were collected from three agricultural sites that were a¡ected by subtherapeutic antibiotic use. At a small cattle farm (Site A), soil samples were collected from inside the pen with the cattle, two separate locations from a nearby ¢eld about 50 m south of the pen, and from a ¢eld about 2 km north of the pen. Fresh manure samples were also collected. Tylosin-resistant bacteria were detected in each sample ; the highest proportion of tylosinresistant bacteria was detected in cattle manure (25.8%) and the lowest proportion was found in the ¢eld far from the feedlot (2.1%). The proportion of resistant bacteria in soils within (7.2%) and near (9.6% and 9.8%) the animal pen was at an intermediate of these two extremes. At a relatively large swine farm (Site B), soil samples were collected from two di¡erent ¢elds where the manure had been historically applied and from fresh piglet manure. The proportion of tylosin-resistant bacteria in the ¢elds ranged from 7.6 to 16.5%; the proportion of tylosin-resistant bacteria in piglet manure was 69.0%. The proportion of tylosin-resistant bacteria was also determined to be 5.8% and 7.6% in soils from two di¡erent corn¢elds (Site C) to which swine and chicken manure had been historically applied.
Soil and manure samples were also collected from three dairy farms (Sites D^F) at which antibiotic use was restricted due to regulations on milk intended for human consumption. The proportion of tylosin-resistant bacteria in soil samples collected from within the cow pens showed 0.9%, 2.5%, and 0.7%, respectively. The proportion of tylosin-resistant bacteria in animal manure from sites E and F was 2.1% and 3.3%, respectively. A summary of all of the arithmetic means of the proportions of tylosinresistant bacteria from all of the soil samples (excluding manure samples and the soil sample collected s 2 km from the animal pen at Site A) is shown in Fig. 1 . Analysis of variance con¢rmed that the proportion of tylosin resistance at the dairy farms was signi¢cantly lower (P 6 0.01) than at either Site A or Site B as well as at Site C (P 6 0.05).
Because there were elevated numbers of antibiotic-resistant bacteria in the soils from the agricultural sites using antibiotics subtherapeutically, we decided to determine if there were also di¡erences in the types of tylosin-resistant bacteria that were cultivated. Thirteen tylosin-resistant bacteria from corn¢elds fertilized with animal manure (Site C) were randomly selected from agar plates and puri¢ed for further analysis. Bacteria were identi¢ed by determining the nucleotide sequence of a fragment (V150 bp) of their 16S rRNA genes and comparing these sequences to those in the GenBank database [13] . DNA sequence analysis showed that the bacteria from Site C formed two well-de¢ned clades within the K-and L-subdivisions of Proteobacteria (Fig. 2) . Eleven tylosin-resistant bacteria were also isolated from one of the dairy soils (Site F). All 11 of these bacteria were phylogenetically related to Streptomyces spp. in the high-G+C Gram-positive division (Fig. 2) . Because these two sets of bacteria were of a very limited diversity of organisms, we also isolated 10 di¡erent bacteria from the non-tylosin agar plates from Site F. These bacteria had a broader phylogenetic distribution than the tylosin-amended plates, including the following Bacterial divisions: Cytophaga-Bacteroides-Flavobacter, low-G+C Gram-positive, high-G+C Gram-positive, and Proteobacteria (K-, L-, and Q-subdivisions) (Fig. 2) . The best phylogenetic match for each bacterial isolate is shown in Table 1 .
The bacterial enumerations indicate that agricultural soils at farms using antibiotics at subtherapeutic levels have higher levels of resistant bacteria compared to dairy farms that do not use antibiotics for non-therapeutic purposes. Our results are consistent with the results of previous researchers who demonstrated that human and/or animal fecal pollution [14^20] was associated with elevated levels of resistance to various di¡erent antibiotics among environmental bacteria. One di⁄culty with performing these types of studies is the identi¢cation of an appropriate experimental control in which antibiotic use and/or contamination is insigni¢cant. For our experimental control, we used dairy farms in Minnesota and Wisconsin that are restricted in their use of antibiotics by regulations to prevent the presence of antibiotics in milk intended for human consumption. Because our control sites di¡ered from the experimental sites in ways other than antibiotic use (e.g., soil type, geographic location, and land management practices), however, the connection between the number of antibiotic-resistant bacteria and subtherapeutic antibiotic use in agriculture remains tenuous.
Comparison of the types of resistant bacteria cultivated provides further evidence of the impact of subtherapeutic antibiotic use on soil bacteria. At the dairy site, we were able to cultivate a relatively broad distribution of bacterial Isolates are identi¢ed by a site abbreviation (cfr = resistant isolate from Site C; dr = resistant isolate from Site F; dns = bacterium isolated on non-selective medium from Site F) and a number.
species on non-selective agar plates. On agar plates supplemented with tylosin, we were able to isolate only Streptomyces spp., which is the species that was originally used to produce tylosin [21] . Thus, these organisms could be expected to be inherently resistant. In contrast, we detected tylosin resistance in bacterial species from a substantially di¡erent evolutionary lineages at Site C, a corn¢eld fertilized with the manure of animals fed subtherapeutic levels of antibiotics. Our identi¢cation of novel tylosin-resistant bacteria from the K-and L-subdivisions of Proteobacteria is consistent with recent reports of various environmental bacteria that are resistant to other antibiotics [17^20]. The fact that many of the resistance determinants found in environmental organisms have been associated with a mobile genetic element [17, 19, 20, 22] is of particular concern.
In this study, we focused solely on bacterial resistance to tylosin because it is one of the most commonly used antibiotics in agriculture [23] and because it was speci¢cally used at the ¢rst agriculture site that we analyzed (Site A). Our study was limited by the use of a cultivation-based technique to enumerate soil microorganisms. Cultivationbased techniques characterize only a small fraction of the total soil community, often 6 1% of the total bacteria (for a review, see [24] ). We attempted to limit this cultivation bias by using nutrient-poor growth medium rather than the nutrient-rich recipes that are more commonly used to isolate bacteria of fecal origin. Although it is likely that we still isolated only a small fraction of the total soil community, our approach was successful in isolating a relatively broad diversity of bacteria while avoiding bacteria known to be of fecal origin.
In summary, our results suggest a link between the numbers and types of tylosin-resistant bacteria at agricultural sites using antibiotics at subtherapeutic levels compared to those that do not. The limitations of our experimental design, however, preclude us from excluding other variables (such as soil type and temporal variation) as signi¢cant factors in the enumeration of antibiotic-resistant bacteria. Our as yet untested hypothesis is that antibiotics are introduced into the soil environment via application of animal manure, and bacteria then respond by either acquiring (possibly from bacteria of fecal origin) or developing other mechanisms of antibiotic resistance. There is currently little or no information on the environmental fate of antibiotics used in animal feed. Our preliminary study, therefore, indicates that additional research is needed to understand the fate of antibiotics in the environment, and to determine what concentrations of antibiotics are su⁄cient to select for resistance.
